A highly sensitive fluorometric method was developed for the determination of molybdenum using the molybdenumcatalyzed oxidation of L-ascorbic acid with hydrogen peroxide and the successive condensation of dehydroascorbic acid with o-phenylenediamine to produce fluorescent quinoxaline derivatives. The fluorescence intensity (2ex=350 nm; gem=425 nm) was proportional to the square of the reaction time (t) in the initial reaction at pH 3.2 and 25°C. Using the slope of the fluorescence intensity versus 12 graph, a calibration graph for molybdenum was constructed with a linear range of 0 -3 µg 1-1. The detection limit was 0.04 µg 1-1(0.2 ng). The addition of trans-l,2-cyclohexanediamine-N, N, N', N'-tetraacetic acid eliminated the interferences from Cu(II), V(IV), V(V) and W(VI) of up to 50 -100 µg 1-1 and from Fe(II), Fe(III) and humic acid of up to 500 -2000 sg 1-1. The proposed method was successfully applied to analyses of river, lake and rain water samples.
Molybdenum is essential in trace amounts for physiological activities. Therefore, the monitoring and survey of molybdenum concentration at background and polluted levels are important for the environmental studies. A sensitive method with a detection limit (DL) at 0.01-0.1 tg 1-1 is required for the precise determination of molybdenum, because its concentrations are very low, e.g., 0.1-1 sg 1-1 levels in natural water samples.1'2 Inductively coupled plasma mass spectrometry) was applied to the direct determination of molybdenum in river water with an error of 0.01 tg 1-1. Inductively coupled plasma-atomic emission spectrometry (ICP-AES)2'3 and graphite furnace atomic absorption spectrometry3 were combined with preconcentration methods for water analysis. On the other hand, catalytic analysis is a sensitive and inexpensive technique. However, few catalytic methods4-6 for the determination of molybdenum had the satisfactory DL values without any extra preconcentration.
A DL value of 0.7 µg 1-1 was obtained by a spectrophotometric flow injection method using the oxidation of iodide with hydrogen peroxide.4 A determination range of 0.4 -40 µg 1-1 was reported for a spectrophotometric method using the oxidation of Thiazine red R with hydrogen peroxide.5 However, this method required a long reaction time even at 100° C and was susceptible to the interference from Mg(II) and Fe(III). A DL value of 0.004 µg 1-1 was achieved by a catalytic adsorptive stripping voltammetry6, but its interference tests for foreign ions were confirmed at only a l0-fold concentration to molybdenum; they are insufficient for analyses of natural water samples.
We previously developed a sensitive catalytic method for the determination of copper' using a combination of the aerial oxidation of L-ascorbic acid (AA) to dehydroascorbic acid (DAA) and the fluorometric detection of 3-(1,2-dihydroxyethyl)furo [3,4-b] quinoxalin-l-one (QX) formed by the reaction of DAA with o-phenylenediamine (OPDA). This paper describes a highly sensitive fluorometric method for the determination of molybdenum based on the molybdenum-catalyzed oxidation of AA with H202 in the presence of OPDA. The catalytic oxidation of AA was used for the fluorometric8 and electrochemical9 determinations of molybdenum, but their determination limits of 8 and 4 tg l-1, respectively, were insufficient for water analysis. The proposed method has successfully been applied to analyses of river, lake and rain water samples.
Experimental

Reagents
All chemicals used were of analytical reagent grade. De-ionized and distilled water was used throughout. For the preparation of AA solutions, dissolved oxygen in 0.51 of water was removed by nitrogen bubbling for 30 min at 0.41 min.
This water was chilled at 5° C in a refrigerator. AA solutions (0.05 -0.5 M in 0.5 M HCl) were prepared by dissolving L-ascorbic acid in the chilled water and by adding 5 M HCI. The solutions were stored in a closed bottle at 5° C after replacing air by nitrogen and used within 6 h. OPDA solutions (5 -10 mM) were prepared by dissolving o-phenylenediamine in water. Hydrogen peroxide solutions (10-40 mM) were prepared by diluting the reagent (30%) with water. The OPDA and hydrogen peroxide solutions were stored in the above refrigerator and used within 2 d. Buffer solutions containing different concentrations of acetic acid, 0.25 mol 1-1 sodium acetate and 0.5 mol 1-1 NaOH were prepared for adjusting the pH of the reaction solution. A stock molybdenum solution (1.00 gMo 1-1) was prepared by dissolving Na2Mo04•H20 (purity >99%) in water. Working molybdenum standard solutions were prepared by diluting the stock solution with water just before use. A traps-l,2-cyclohexanediamine-N, N, N', N'-tetraacetic acid (CyDTA) solution was prepared by dissolving the reagent (monohydrate) in water. A humic acid (HA) solution was prepared by dissolving the reagent (Wako Pure Chemical Industries, Osaka, Japan) in 0.01 M NaOH solution and was neutralized with HCI.
Apparatus
The fluorescence measurements were carried out using a Shimadzu RF-5000 spectrofluorimeter equipped with a strip-chart recorder and a 10 mm silica glass cell. The excitation and measured (emission) wavelengths of the fluorescence from QX were 350 nm and 425 nm, respectively.' Unless stated otherwise, the fluorescence intensity from a 54 nM quinine sulfate (QS) solution containing 0.05 M H2S04 was standardized to 10 divisions (=2.5 cm) on the chart. The cell was controlled at a constant temperature with a precision of ±0.1 ° C by circulating water from a thermostated water bath system. In fluorescence measurements, the solution in the cell was stirred by an attached magnetic stirring unit. Eppendorf 8410 micropipettes (10 -100 and 200 -1000 µl) were used throughout.
in the reaction solution.
The glass test tube and the cell are washed once with 1 M HN03 and rinsed three times with water for re-use.
After taking the AA solution from the reagent bottle, the bottle is purged with nitrogen and closed prior to the restorage.
Results and Discussion
Kinetic parameters for molybdenum determination Molybdenum catalyzes the oxidation of AA by hydrogen peroxide. 10 The production process of QX may be AA + H2O2 Mo catalyst DAA (1)
When the reactions (1) and (2) 
where k1 and k2 are apparent rate coefficients of reactions (1) and (2) (3) to (5) give
Recommended procedure The water sample, the reagent solutions (except the AA solution) and water are kept at a reaction temperature of 25° C in the thermostated water bath before analysis. One milliliter of 0.4 M AA solution is taken in a glass test tube and placed for about 3 min in the water bath while adjusting the temperature at 25° C. After adding not more than 1.5 ml of the sample, the solution is diluted to 2.5 ml with water. Then, 1 ml of 1 mM CyDTA for masking of interfering ions and 0.25 ml of 10 mM OPDA are added, followed by 0.25 ml of 30 mM hydrogen peroxide. Immediately, the reaction is initiated at pH 3. The applicability of Eq. (7) to the determination of molybdenum was investigated under the reaction conditions in the recommended procedure without CyDTA. Figure 1 shows the reaction curves, i.e., l versus t plots, for different concentrations of molybdenum. The relationships between I and t2 within t=2 min were linear with a correlation coefficient of more than 0.998 for 0 -3 sg l-1 of molybdenum. The value of a was proportional to the concentration or the amount of molybdenum. Typical values of k~ and kb in the above concentration range Qµg 1-1) were 3.95 and 1.36, respectively. Start of reaction For the start of the reaction, the addition of AA or H202 was not appropriate, because the cold AA solution lowered the reaction temperature and the reaction proceeded in a weakly acidic solution prior to the addition of H202. On the other hand, the uncatalyzed and catalyzed reactions were negligibly slow at pH 1 for at least 2 min. Therefore, the sample solution, AA, OPDA and H202 were mixed at pH 1 and then the reaction was started by adjusting pH to an appropriate value, as described in the recommended procedure.
Effect of excitation light
If the reaction solution in the cell was not stirred, the fluorescence intensity increased irregularly. After a long reaction for the reagent blank without stirring, a coloration due to the production of QX appeared in only a part of solution irradiated by the excitation light. These results indicate that the excitation light promotes the reaction. Such an effect was probably caused by a photochemical oxidation of AA, because it was negligible in intermittent irradiations. The stirring of the reaction solution permitted the continuous monitoring of fluorescence with a negligible photochemical oxidation of AA; this was adopted in the recommended procedure.
Stability of ascorbic acid solution
The oxidation of AA by dissolved oxygen in the storage of AA solution gradually increases the initial concentration of DAA and subsequently the value of a especially for the reagent blank.' Therefore, the effect of the storage time of the AA solution on a was investigated for the AA solutions with and without the control of dissolved and atmospheric oxygen, as shown in Fig. 2 . The replacement of air by nitrogen and the preparation of AA solution with the nitrogen-bubbled water permitted the longest storage for 6 h (curve 3); they were adopted in our experiments. The use of the nitrogen-bubbled water for the dilution of the sample solution did not decrease the blank value of a. The blank value may be caused by the original DAA in the AA reagent. The relative variation of a for the reagent blank was within about 5% for a preparation of the AA solution (curve 3) and within 10 -20% for separate preparations of the solution.
Optimization of reagent concentrations and temperature
The reaction conditions were optimized to give a higher a value in the presence of molybdenum and a higher signal-to-noise ratio (S/N). In this study, the S/ N value was evaluated from the ratio of the net a value (S) for 1 µg 1-1 of molybdenum to that (N) for the reagent blank. Figure 3(A) shows the effect of the AA concentration on a for the reagent blank and 2 µg 1-1 of molybdenum and on S/ N. The values of a in the presence of molybdenum and S/ N were maximum in the range of 50 -80 mM AA. Therefore, 80 mM was selected as the AA concentration.
An increase in the H202 concentration increased the values of a, as shown in Fig. 3(B) . A concentration of 1.5 mM, giving the maximum value of S/N, was adopted.
An increase in the OPDA concentration also increased the values of a, as shown in Fig. 4(A) . A concentration of 0.5 mM, giving the maximum value of S/ N, was chosen for the subsequent experiments. Figure 4 (B) shows the effect of pH on a. The maximum values of a in the presence of molybdenum and S/Nwere obtained at pH 3.2. Therefore, a pH value of 3.2 was adopted.
An increase in the reaction temperature increases the value of a (Fig. 5) . A temperature of 25° C was adopted, because it gave the maximum value of S/hand was easy to maintain.
Determination of molybdenum
The calibration graph obtained under the reaction conditions optimized above was linear up to about 3 µg 1-1 within an error of 0.1 µg 1-1. The DL value of molybdenum was defined as three times the standard deviation of a for the reagent blank divided by the slope of the calibration graph. The DL value obtained from five measurements was 0.04 µg 1-1 (0.2 ng), which was comparable to that obtained by determinations of 0.2 µg 1-1. The same DL value was obtained in the presence of CyDTA as a masking agent for interfering ions.
Interference
An interference test was carried out for the determination of 2 µg 1-1 of molybdenum. Foreign cations were added as nitrate, sulfate or chloride and anions as sodium or potassium salts. The tolerable limit (TL) was defined as the maximum concentration of the foreign ion causing about a ±5% error in the determination. Many kinds of foreign ions did not interfere at 102-to 104-fold concentrations of molybdenum (Table 1 ). In the foreign ions listed, iron and vanadium ions are often present at intolerable concentration levels, e.g., in river water" 11, and the elimination of their interferences is required. Therefore, CyDTA, ethylenediamine-N, N, N', N'-tetraacetic acid (EDTA; disodium salt, dihydrate), nitrilotriacetic acid, 1,2-dihydroxybenzene-3,5-disulfonic acid (Tiron; disodium salt, monohydrate), 1,10-phenanthroline (monohydrate), etc., were tested for the masking of these ions. Table 1 shows that the addition of CyDTA effectively masked Fe(II), Fe(III), V(IV) and V(V) and also Cu(II), W(VI) and HA. The others tested were not effective or inhibited the catalytic effect of molybdenum. Therefore, CyDTA was selected as a masking agent. A negative interference from HA may be ascribed to the formation of an inactive complex of molybdenum with HA. CyDTA, complexing with molybdenum without affecting its catalytic effect, seems to prevent the complexation of molybdenum with HA.
Analysis of natural fresh water samples River, lake and rain water samples were collected in Yamanashi Prefecture, Japan. To eliminate particulate matter, each 100 ml of the sample solution was centrifuged at about 1000g for 15 min, and the supernatant solutions were analyzed by the recommended procedure. The molybdenum content was also determined with an error of 0.1 µg 1-1 by ICP-AES after a concentration at 10-or 20-times by a modified coprecipitation method with manganese hydroxides.12,13 The precipitate was formed at pH 4 in the presence of ethanol by heating for about 1 h at 80° C, filtered through a filter paper (No. 5C) and dissolved by a mixture of 4 M HCl and 0.3 M H2O2. Table 2 shows the analytical results by these methods. For the sample of No. 1, the result by the proposed method without CyDTA was 22% larger than that with it. Therefore, the addition of CyDTA was required for the practical analyses. Molybdenum contents in the samples Nos. 1 to 3 determined by the proposed method were consistent with those obtained by ICP-AES, although the latter was less sensitive. The recoveries of molybdenum (0.5 or 1 ng) added to the samples Nos. 1 to 4 were 99±3%, which are acceptable from the analytical precision. A single analytical run required about 10 min. 
